The rotavirus non-structural protein NSP4 has been implicated in a number of biological functions during the rotavirus cellular cycle and pathogenesis, and has been addressed as a target for vaccine development. The NSP4 gene has been classified into six genotypes (A-F). A seminested triplex PCR was developed for genotyping the major human NSP4 genotypes (A-C), which are common in human rotavirus strains but are also shared among most mammalian rotavirus strains. A total of 192 previously characterized human strains representing numerous G and P type specificities (such as G1P [8] [7]) were also successfully NSP4-typed. Four human G3P[9] strains and one feline G3P [9] strain were found to possess an NSP4 A genotype, instead of NSP4 C, suggesting a reassortment event between heterologous strains. Routine NSP4 genotyping may help to determine the genomic constellation of rotaviruses of man and livestock, and identify interspecies transmission of heterologous strains.
INTRODUCTION
Group A rotaviruses (genus Rotavirus, family Reoviridae) cause severe acute dehydrating diarrhoea in young children and domestic animals (Estes & Kapikian, 2006) . They are classified based on antigenic and genetic differences in both structural and non-structural genes. The outer capsid antigens VP7 and VP4 define the G and P types, respectively. So far, at least 15 G genotypes (G1-G15) and 27 P genotypes (P[1]-P[27]) have been identified (Estes & Kapikian, 2006; Khamrin et al., 2007; Martella et al., 2007; Steyer et al., 2007) . The inner capsid protein VP6 has
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been classified into four antigenic subgroups (SGI, SGII, SGI+II and SG nonI-nonII) representing two major genogroups (GGI and GGII) (Estes & Kapikian, 2006) . A genotyping system has been proposed for the nonstructural rotaviral enterotoxin, NSP4. Six NSP4 genotypes (A-F) have been defined, based on sequence and phylogenetic analyses (Estes & Kapikian, 2006) . Three NSP4 genotypes (A-C) have been identified in human rotaviruses; these are also shared by most mammalian rotaviruses. Furthermore, the migration pattern of the 11 genomic RNA segments, called the electropherotype (Etype), allows group A rotaviruses to be classified into long, short and supershort E-types (Estes & Kapikian, 2006) .
A variety of RT-PCR-based genotyping assays have been developed since the early 1990s. These assays target primarily the VP7 and VP4 genes and, more recently, the NSP4 gene (Gouvea et al., 1990 (Gouvea et al., , 1994a Gentsch et al., 1992; Das et al., 1994; Ray et al., 2003; Rodríguez-Díaz et al., 2008) , although RT-PCR amplification combined with either RFLP analysis or nucleotide sequencing of various genes has also been adapted for strain characterization in various laboratories (Gouvea et al., 1993; Iizuka et al., 1993; Chang et al., 1996; Dubois et al., 1997; Hussein et al., 1997; Kudo et al., 2001; O'Halloran et al., 2002; DiStefano et al., 2005) . A combination of typing methods based on a variety of genes provides a means of characterizing group A rotavirus strains of most host species and generates insight into the genetic diversity and ecology of these viruses.
A rapid and economically beneficial multiplex PCR assay for the rotaviral enterotoxin NSP4 is described in this paper. This method is based on the methodologies that are broadly utilized for P and G genotyping and thus represents a rapid and reliable screening tool that may readily supplement human and animal rotavirus strain surveillance activities.
METHODS
Collaborating laboratories. Four laboratories in three countries participated in the evaluation of the NSP4 typing assay described below. The Hungarian laboratory was the National Reference Laboratory for Viral Gastroenteritis. Two Italian laboratories, one located in Palermo, Sicily, at the Department of Hygiene and Microbiology, University of Palermo, and the other in Bari, Puglia, at the Faculty of Veterinary Medicine of Bari, participated. The Indian laboratory was located in Vellore, India, at the Department of Gastrointestinal Sciences, Christian Medical College and Hospital.
Samples. Stool specimens positive for rotaviruses and supernatants of cell cultures infected with laboratory strains were tested using this assay. All strains had previously been subjected to G and P typing using previously described methods and algorithms (Gouvea et al., 1990; Gentsch et al., 1992; Das et al., 1994; Bányai et al., 2003; Iturriza-Gó mara et al., 2004) . For a subset of samples, VP6 was subgrouped using SGI-and SGII-specific mAbs (clones 255/60 and 631/9; Greenberg et al., 1983) or genogrouped as described previously (Iturriza-Gó mara et al., 2002) , and the E-type of genomic RNA was determined by PAGE (Dolan et al., 1985) . The reference rotavirus strains used to validate this assay are listed in Table 1 .
Typing primers. The external primers for first-round PCR, 151 (59-GGCTTTWAAAAGTTCTGTTCCGAGAGAG-39, sense) and 152 (59-TAAGACCRTTCCYTCCATTAAC-39, antisense), were derived from nt 1-28 and 721-742, respectively, relative to strain WA (GenBank accession no. AF093199; Fig. 1 General protocol for the triplex RT-PCR assay. Briefly, viral RNA was extracted using SDS/proteinase K treatment followed by guanidine thiocyanate/silica treatment (Boom et al., 1990) , or with commercial column-based extraction kits. The cDNA was constructed with random hexamers (2 mM final concentration) or with the genespecific consensus primers 151 and 152 (400 nM final concentration). Typically, both first-round and second-round PCRs were carried out in a 50 ml volume, containing 16 PCR buffer [75 mM Tris/HCl (pH 8.8), 20 mM (NH 4 ) 2 SO 4 , 0.01 % Tween 20, 2 mM MgCl 2 ], 200 mM dNTP mix, the appropriate primer mixture (400 nm each) used, respectively, in the first and second round, 2.5 U Taq polymerase and 1-5 ml cDNA or first-round PCR product (the latter was diluted 1 : 100 or 1 : 200 before addition to the second-round PCR mixture). In both rounds, PCR was carried out for 25 cycles of 94 uC for 1 min, 55 uC for 2 min and 72 uC for 1 min, with a final extension step of 72 uC for 10 min. The amplicons were subjected to electrophoresis on agarose gel and stained with ethidium bromide. Amplification products of 201, 647 and 547 bp were obtained for genotypes A, B and C, respectively.
Sequencing and phylogenetic analysis. The first-round PCR products of selected strains were subjected to nucleotide sequencing. Briefly, amplicons were excised from the gel and purified with gelextraction kits (Qiagen). The amplicons were subjected to direct sequencing using BigDye Terminator Cycle chemistry and a 3730 DNA analyser (Applied Biosystems). Raw sequence data were edited using BioEdit version 2.1 (Hall, 1999) and adjusted manually where needed. Phylogenetic analysis was carried out using MEGA4 (Tamura et al., 2007) using the p-distance algorithm and the neighbour-joining method.
RESULTS

Assay format
The assay was designed to facilitate identification of the three major NSP4 genotypes, A-C; these genotypes are shared across most mammalian rotavirus strains (Estes & Kapikian, 2006) . The genotyping method that we evaluated is based on a two-round PCR assay. In the first round, PCR consensus primers specific for highly conservative regions of the NSP4 gene were utilized. In the second round, the negative-sense consensus oligonucleotide primer from the first-round PCR and an equimolar mixture of three genotype-specific primers, targeting various regions of the NSP4 gene, were utilized. The genotype-specific reaction was evaluated from the differences in amplicon size following agarose gel electrophoresis (Figs 2 and 3 ).
NSP4 typing of human and animal rotaviruses using hemi-nested PCR
The four collaborating laboratories tested a total of 182 locally circulating human rotavirus strains and 10 laboratory reference strains ( (Tables 1 and 2 ).
As a variety of animal strains were also included in the primer design, it was expected that the primers would work with animal strains sharing NSP4 genotype specificity with 
Confirmation of test results by sequencing
A total of 37 strains were subjected to sequencing in order to confirm the results of the NSP4 PCR genotyping. Phylogenetic analysis confirmed the results obtained by RT-PCR-based genotyping (Fig. 4) .
DISCUSSION
NSP4 is a key protein involved in the morphogenesis and pathogenesis of rotaviruses. NSP4 acts as an intracellular receptor for single-shelled particles and mediates virus assembly into double-shelled particles. NSP4 alone is able to induce diarrhoea in experimental animals through a Ca 2+ -dependent signalling pathway. The enterotoxigenic domain of NSP4 contains a 22 aa sequence (aa 114-135) that mimics some features of the full-length protein. Antibodies against NSP4, or against the toxic peptide, are able to prevent watery diarrhoea, although the precise in vivo mechanisms of protection are unknown (Ball et al., 2005; Estes & Kapikian, 2006) . These findings prompted investigations to explore the therapeutic and preventive potential of NSP4 and anti-NSP4 antibodies. Thus, in addition to the outer capsid components VP7 and VP4, and the inner-capsid protein VP6, the enterotoxin NSP4 is currently a focus of vaccine development (Yu & Langridge, 2001; Choi et al., 2006) .
Thus the NSP4 gene is now considered to be as important as the inner and outer capsid genes. We felt that a rapid and reliable genotyping system for NSP4 similar to the broadly utilized nested PCR-based genotyping assays developed for the VP4 and VP7 genes would be beneficial for epidemiological investigations. Therefore, we developed and evaluated a triplex hemi-nested PCR assay that targets the three main genotypes of the rotavirus NSP4 gene. Our assay was highly specific. It should be noted, however, that non-specific products were obtained when the assay was performed as a single-round PCR after generating cDNA with random hexamer oligonucleotides (results not shown). We did not investigate the assay's sensitivity, as our original intention was for the NSP4 genotyping system to support the G and P type data collected in most laboratories involved in rotavirus surveillance activity. Thus only those specimens where the amount of template RNA was previously found to be sufficient for G and P genotyping assays were considered for NSP4 genotyping in our strain typing algorithm. To confirm the specificity of the primers, full-length or almost full-length NSP4 gene sequences were determined for selected rotavirus strains. Sequence data for these strains were in agreement with the RT-PCR-based genotyping data, validating our assay.
Other protocols are available for prediction of the NSP4 genotype. The NSP4 genotyping assay designed by Ray et al. (2003) identified nine genotype A strains and 18 genotype B strains among 27 human Indian rotaviruses. However, in that study, the primers were designed using the sequence of a few prototype viruses. Another NSP4 genotyping assay was published after we had completed our study (Rodríguez-Díaz et al., 2008) . Taking into account the genetic variability of human rotaviruses, those authors designed a set of consensus primers. They validated the assay using seven reference strains and properly characterized a Swedish collection of 77 human strains, all of which were characterized as genotype B. In our study, the primer sets were designed using a similar strategy, using a selection of 75 sequences of human and animal strains of the three major mammalian NSP4 genotypes (A-C). In order to compensate for the genetic variability in the NSP4 gene, degenerate bases were introduced into the oligonucleotides. The reliability of this new NSP4 genotyping assay was assessed using a large sample set that included 14 reference strains and 182 human and 31 animal field strains from diverse geographical settings and encompassing several G/P combinations.
Recently, genetic linkage has been observed between the NSP4 gene and the VP6 gene that seems to correlate with the host species origin (Iturriza-Gomara et al., 2003) . Molecular analysis of the human strains revealed that the genotype A NSP4 gene segregates with the SGI/GGI VP6 gene, whereas genotype B NSP4 is in linkage with the SGII/ GGII VP6 specificity. Data for the genotype C NSP4 gene are scarce; all of these strains have thus far been identified only in linkage with SGI/GGI VP6 specificity. In this study, the proposed genetic linkages were seen in the majority of strains. Only five human strains were demonstrated to have an inverse genetic combination between the NSP4 and VP6 specificities. The relative rarity of such human strains might be explained by genetic/phenotypic instability between non-compatible alleles of the NSP4 and VP6 genes. It is not currently known how the VP6 and NSP4 genes segregate in animal rotaviruses. Ciarlet et al. (2000) pointed out that NSP4 genotype A does not correlate with the subgroup specificity, although they did not exclude the possibility of a correlation between subgroup specificity and NSP4 type in genotypes B, C and D. A more recent study reported a lack of linkage in a porcine-bovine reassortant strain detected in pig (Ghosh et al., 2007) . Moreover, our analysis suggests that NSP4 genotype B segregates with the GGI VP6 gene in the majority of Italian porcine rotavirus strains, representing a genetic linkage considered rare in human strains. The conceptual basis of the genetic linkage between various specificities of NSP4 and VP6 genes has been related to the maturation step of the virus life cycle, when NSP4 anchored in the endoplasmic reticulum serves as a receptor for VP6-coated single-shelled particles (Iturriza-Gomara et al., 2003) . It seemed plausible to assume that, in this molecular process, NSP4 of a certain genotype specificity may favourably bind to VP6 of a particular specificity. However, the frequent detection of an unexpected linkage in porcine rotaviruses raises questions concerning the driving forces and selection mechanisms during the long-term evolution of rotaviruses in various host species that, for example, has led to a different pattern of genetic linkage between NSP4 and VP6 genes in human strains from that seen in a number of recently investigated porcine strains.
Four human G3P[9] strains and one feline G3P[9] strain were found to possess an NSP4 A genotype, instead of NSP4 C. By sequence analysis, the Italian G3P[9] human strains were found to be related to strains of either human or feline origin in the VP7, VP4 and VP6 genes, whilst in the NSP4 gene, the viruses resembled G2P[4] human strains, suggesting a reassortment event between heterologous strains (De Grazia et al., 2008) .
In conclusion, since the early 1990s, various multiplex genotyping assays have been developed for the outer capsid genes of rotaviruses, and this approach is used routinely in most laboratories involved in strain surveillance. A recent increase in the number of available NSP4 gene sequences in public databases has allowed the development of similar typing assays to identify and distinguish NSP4 genotypes (Ray et al., 2003; Rodríguez-Díaz et al., 2008; this study) . Routine NSP4 genotyping may help to determine the gene configurations of unusual rotaviruses and identify interspecies transmission of heterologous strains. However, because various genotype specificities (including G, P or NSP4 types) potentially detectable by standard genotyping PCR assays are shared in different host species, a suspect zoonotic event or reassortment between heterologous strains requires confirmation by sequencing and phylogenetic analysis. As the NSP4 gene is an important virulence factor, and genotype-specific differences may occur in its activity, understanding genotype distributions and further analysis of their genetic linkages with other rotavirus genes may provide a more penetrating insight into the epidemiology and ecology of both the predominant and the epidemiologically minor rotavirus strains.
